An in vitro cleavage/initiation assay was used to analyse cleavage site choice and transcription initiation by the influenza virus polymerase. A synthetic mRNA which is cleaved by the polymerase to produce a single 11 base primer fragment was altered around this cleavage site. Depending upon the mutations made, alternative cleavage sites were used. This system was then used in extracts from recombinant vaccinia virus infected cells which express the polymerase. These extracts require the addition of a synthetic vRNA in order to induce cleavage and initiation activity. The data show that the choice of cleavage site is wholely controlled by the mRNA and does not depend upon interactions with the vRNA template. However, the site of initiation of the cleaved primer on the template is influenced by template-primer interactions.
Introduction
The influenza virus polymerase is a complex consisting of three proteins: PB1, PB2 and PA. These complexes are present at the termini of the eight nucleoprotein coated RNA gene segments of the virus, forming the viral ribonucleoprotein (RNP) (Honda et al., 1990; Krug et al., 1989) . The termini of the eight RNAs are conserved and show partial inverted complementarity (Skehel & Hay, 1978; Robertson, 1979; Desselberger et al., 1980; Stoeckle et al., 1987) . Presumably as a result of these properties, the RNA termini within a gene segment form a panhandle structure (Honda et al., 1987; Hsu et al., 1987) . Since the viral genome is of negative sense, upon viral infection the incoming polymerase must first transcribe viral mRNA. This is accomplished by a unique cap scavenging mechanism. The PB2 protein binds to the 5' end of host cell mRNA and cleaves it 9-15 nucleotides from the cap moiety. This short capped oligonucleotide is then used by the polymerase as a primer for viral transcription from the viral template (Skehel & Hay, 1978; Bouloy et al., 1978  * Author for correspondence. Fax + 1 203 284 6088. e-mail Mark R. Krystal@ccmail.bms.com t" Present address: Department of Microbiology, University of Colorado, Boulder, Colorado, USA.
:~ Present address: Pharmacopeia, Plainsboro, New Jersey, USA. Kawakami et al., 1983; Krug et al., 1979; Plotch et al., 1979; Caton & Robertson, 1980; Dhar et al., 1980; Beaton & Krug, 1981; Plotch et al., 1981; Blaas et al., 1982a, b; Shaw & Lamb, 1984) . Recently, there have been several in vitro systems developed in order to study the transcriptional properties of the influenza polymerase (Nagata et al., 1989; Honda et al., 1990; Huang et al., 1990; Kimura et al., 1992; Kobayashi et al., 1992; Martin et al., 1992; Seong & Brownlee, 1992a) . Using these in vitro systems derived from purified viral cores, requirements of the promoter for transcription have been examined (Piccone et al., 1993; Seong & Brownlee, 1992b) .
These reconstituted transcription systems allow reexamination of the cleavage properties of the influenza polymerase. Previous studies examining cleavage site choice in endogenous mRNAs have suggested that the endonuclease prefers to cleave 9-15 bases downstream from the cap after an A residue and almost exclusively after purines (Caton & Robertson, 1980; Dhar et al., 1980; Hay et at., 1982; Beaton & Krug, 1981; Shaw & Lamb, 1984) . It has also been suggested that a specific subset of host mRNAs containing a Py-G-C-A sequence immediately preceding the cleavage site is used preferentially (Shaw & Lamb, 1984) .
Base pairing of the terminus of the cleaved primer is not required with the Y-terminal U residue of the vRNA, while transcription usually ensues at the penultimate C residue (Caton & Robertson, 1980; Dhar et al., 1980; Beaton & Krug, 1981) . In cases where the cleaved primer ends in a G residue, transcription can begin at the third 0001-2891 © 1995 SGM residue, suggesting that base pair interactions of the penultimate C residue with the terminal G residue of the primer can contribute to primer alignment on the viral template (Hagen et al., 1994) . This is also suggested by studies showing that base-pairing is important for the ability of di-and trinucleotides to prime transcription in vitro. ApG is the most active dinucleotide, presumably because it base-pairs with the first two bases at the 3' end of the vRNA template. The trinucleotide ApGpC is also highly active, as it can presumably pair with the UpCpG at the viral 3' terminus. Only when a specific tetranucleotide was used was priming activity drastically reduced (Honda et al., 1986) .
Recently, we have used a synthetic mRNA-like molecule as a substrate for investigating priming and transcription parameters of the viral polymerase (Chung et al., 1994) and for studying the activity of recombinant polymerase (Hagen et al., 1994) , In this study, we investigated cleavage site choice of the viral endonuclease through site specific mutagenesis of the synthetic primer. In addition, use of recombinant polymerase has also allowed for an examination of the role of templateprimer interaction in cleavage and initiation.
Methods
Viruses and cells. Influenza A/PR/8/34 virus was grown in the allantoic cavities of 10-day-old embryonated eggs and purified by differential centrifugation as described (Barrett & Inglis, 1985) . Viral cores were prepared by standard disruption methods as described (Plotch et al., 1981; Parvin et al., 1989) . Individual recombinant vaccinia viruses expressing the PB2 (Vac-PB2), PBI (Vac-PB1) or PA (Vac-PA) proteins (Smith et al., 1987) were grown in HeLa ceils and titrated in Vero cells.
Substrate and template RNAs. Bacteriophage SP6 transcribed RNA substrates for the viral endonuclease reaction were prepared from Sinai digested plasmid pGEM-7Zf(+) or a mutated derivative of this plasmid. Substrates were converted to a 3~p cap-1 form (m;G[a2P]ppGm) using vaccinia virus capping and methylating enzymes (Barbosa & Moss, 1978; Bouloy et al., 1980; Chung et al., 1994) . Capped RNAs were further purified by 20 % polyacrylamide-7 M-urea gel electrophoresis, elution and ethanol precipitation (Chung et al., 1994) . The cleaved 10 base A10 primer was isolated by digesting the capped pGEM substrate with nuclease PhyM (Chung et al., 1994) . The capped RNA cleaved after the adenine at position 10 was isolated after 20% polyacrylamide-7 M-urea gel electrophoresis using molecular mass markers. Since PhyM leaves a 3' end phosphate residue, the A10 primer was then treated with T4 polynucleotide kinase and the primer containing a 3' end hydroxyl residue was repurified on 20% polyacrylamid~7 M-urea gels (Chung et al., 1994) .
RNA templates mimicking genomic vRNA were transcribed from bacteriophage T7 polymerase on MboII digested pPH-V DNA (Parvin et al., 1989) or related derivatives. Transcripts were purified by 20% polyacrylamide-7 M-urea gel electrophoresis, eluted and ethanol precipitated as described.
Preparation of recombinant polymerase. Vaccinia vectors individually expressing the three polymerase proteins were used to infect HeLa cells at an m.o.i, of 3 for each virus. After 24 h, cells were harvested and nuclear extracts were prepared as described (Ohlsson et al., 1986; Fiering et al., 1990; Hagen et al., 1994) . In some cases, extract was further purified on 10-20% sucrose density gradients as described (Tiley et al., 1994) . Fractions were tested for specific endonuclease activity and active fractions were pooled.
Endonuclease reactions. Radiolabelled capped RNAs were incubated with viral cores or infected cell extracts for l h at 3I °C in a reaction volume of 10~tl as described (Hagen et al., 1994) . In reactions containing extracts from recombinant vaccinia virus infected cells, saturating amounts of synthetic template RNA were also added. Samples were analysed on 20% polyacrylamide-7 M-urea gels, and where appropriate, quantitated through the use of a Betascope 603 blot analyser (Betagen).
Preparation of mutant plasmids. Two kinds of altered plasmids were used. Initially, plasmid pGEM-7Zf(+) was altered so that either the adenine at position 10, the guanine at position 11, or the cytosine at position 12 of the SP6-generated transcript was mutated to either of the three other nucleotides. This was accomplished through the use of a derivative of pGEM-7Zf(+), designated pAR21 (J. Matthews & A. Sanchez, unpublished) . This plasmid contains an engineered BbsI immediately downstream of the transcription start site for SP6 polymerase. Since Bbsl cuts distally of its recognition sequence, digestion of this plasmid with BbsI and NsiI releases a small fragment (14 bases plus single strand ends) which can be replaced with oligonucleotides corresponding to the pGEM-7Zf(+) sequence, apart from those containing site-specific mutations. Three mutant plasmids were prepared for each nucleotide at positions 10, 11 and 12 of the transcript. Plasmids containing mutants at positions 1, 2 or 3 at the 3' end of the T7 transcript were constructed by replacing the BamHI-Pstl fragment of plasmid pPH-V (Parvin et al., 1989) with synthetic double stranded oligonucleotides containing the appropriate mutations. Mutations were confirmed through DNA sequence analysis.
Results and Discussion

Effect of single point mutations on cleavage site choice
Previously, we had developed a synthetic mRNA-like substrate which could be efficiently used by the influenza virus polymerase as a primer for transcription (Chung et al., 1994) . This substrate is generated through run-off transcription by SP6 polymerase from Sinai digested pGEM-7Zf(+) DNA (Promega). This 67nt RNA transcript is capped at its 5' end using radiolabelled GTP and purified vaccinia virus guanyltransferase and methylated at the appropriate positions through the use of vaccinia virus 2' O-methylase as described (Barbosa & Moss, 1978; Bouloy et al., 1980; Beaton & Krug, 1981) . This substrate, when incubated with either viral cores, purified polymerase or extracts of recombinant polymerase is cleaved into a single primer molecule containing the cap moiety and 11 nucleotides (designated Gll; Chung et al., 1994; Hagen et al., 1994) . Previous studies with natural substrates such as alfalfa mosaic virus RNA 4 or //-globin mRNA exhibited multiple cleavage sites, creating primers ranging in size from 9-15 nt Krug, 1989 Cleavage site choice by #~uenza polymerase Extension products because it provided a more quantitative measure of activity, but it raised questions about cleavage site choice since potentially favoured adenine cleavage sites at positions 9, 10 and 14 were ignored (Fig. 1 a) . One possibility for the single cleavage site preference o f the p G E M transcript is that interactions with the viral template help to position the substrate for the endonuclease. As can be seen in Fig. 1 (a) , bases A10, G11 and C12 o f the substrate can align with bases U1, C2 and G3 of the viral template. This alignment m a y facilitate the single cleavage after the G l l residue. Consistent with this idea are previous studies that have shown that this product, unlike most natural primers, actually initiates at the G3 position o f the viral template, the first nucleotide added being a C T P residue (Chung et al., 1994) . In an effort to understand better the cleavage site choice o f the influenza virus endonuclease, positions AI0, G11 and C12 of the p G E M substrate were individually mutated, and these m R N A -l i k e substrates were examined in an endonuclease assay using purified viral cores. The results A 1 0~U 11 AI0--* C 11 A 1 0~G 11 G I I~U 10, 11, 12~> 16> 13 G I I~C 1 0 > 1 2 , 1 3 , 16 G I I~A 1 l > 1 2 , 1 6 > 1 0 C 1 2~U 11 > > 12 C 1 2~G 1 2 > > 11 C 1 2~A 12> 11
are shown in Fig. 1 (b) and summarized in Table 1 . The mutations had various effects depending upon their nucleotide position and the specific change that was effected. Mutations at position A10 did little to change the cleavage pattern, as the G11 fragment remained the sole product (Fig. l b, A9   10  11  12  13  14  15 16  17  18  19 mobility differences present are presumably the result of the sequence changes in the primer fragment. Alteration of the C12 position caused several effects. Mutation of C12 to G resulted in a shift from the G11 product to a 12 nucleotide product that terminated with a G (Fig. 1 b, lane 5). When C12 is replaced by A, the predominant band is also 12 nucleotides long, with another favoured site at GI 1 and a third minor cleavage occurring at AI0 (Fig. lb, lane 8) . Mutation of C12 to U kept the predominant cleavage site at GI1, but also created another cleavage site after the U at position 12 ( Fig. 1 b,  lane 2) . Replacement of the original cleavage site at G11 with any of the three other bases caused the most drastic effect upon cleavage site choice. Replacing the G with A (Fig.  1 b, lane 11) conserved the predominant cleavage that was found after base 11, but also created minor sites after bases A10, C12, and G16. Replacement with U (Fig. lb, lane 14) caused approximately equivalent levels of cleavage after A10, U11 and C12 and minor cleavages after U13 and G16. Replacement of G11 with C ( Fig. 1 b , lane 17) resulted in predominant cleavage after A10, with other cleavages after C1 t, C12, U13 and G16. There is variation seen in the levels of some of the cleavage products in different experiments, although the basic pattern and the predominant cleavages that occur are not significantly altered. Therefore, alterations at positions 10 and 12 had minor effects on cleavage, while changes at residue 11 had a drastic effect, especially when this purine residue was changed to a pyrimidine. These latter mutants produced primers cleaved anywhere from 10-16 nucleotides past the cap while the G11-U change resulted in cleavages with no marked preference for purine residues. All of the short capped mRNAs were able to function as primers. Addition of ATP, GTP and UTP allowed the polymerase to efficiently elongate all of the cleaved products ( Fig. 1 b, lanes 3, 6, 9, 12, 15, 18, 21, 24, 27, 30) . However, it is not clear whether all the products were able to prime directly off the template or if additional cleavages were needed prior to elongation. Previous studies have shown that the endonuclease requires only a single nucleotide that is located 3' of the cleavage site in order to act as a substrate (Chung et al., 1994) ; thus it is possible that some of the longer products are trimmed down prior to elongation.
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Comparison of cleavage activity of viral cores and recombinant polymerase
Recently, we had shown that recombinant polymerase can function in vitro through conducting an analysis of cells infected with vaccinia virus vectors expressing the three polymerase proteins. Activity is greatly stimulated upon binding to a vRNA template containing both the conserved 5' and 3' ends of the viral genome (Hagen et al., 1994; Tiley et al., 1994) . In an effort to determine whether the recombinant endonuclease behaved similarly to endogenous enzyme with respect to cleavage site choice, cleavage reactions were carried out in the presence of vRNA template and mutant pGEM mRNAs. Fig. 2(a) displays data for the wild-type (Fig. 2a, lanes  2-4) , and mutant pGEM G l l -A l l (Fig. 2a, lanes 7, 8) , G l l -C l l (Fig. 2a, lanes 12, 13) and G l l -U l l RNAs (Fig. 2 a, lanes 17, 18) . In all cases, cleavage patterns of the endogenous and recombinant enzymes were similar. This also holds true for the A10 and C12 mutant mRNAs (data not shown). It should be noted that the crude infected vaccinia virus extract exhibits non-specific nuclease activity (Hagen et al., 1994) which may result in the presence of minor amounts of smaller products.
Effect of compensatory mutations in the vRNA template on cleavage site choice
The use of the recombinant polymerase system allows for the reconstitution of complexes with vRNA containing site-specific mutations (Parvin et al., 1989; Seong & Brownlee, 1992a, b; Piccone et al., 1993) . Therefore, the hypothesis that cleavage site choice can be influenced by interactions with the penultimate base of vRNA can be tested directly through the use of compensatory mutations in the vRNA template. This was tested in two ways. First, the original pGEM substrate was examined in cleavage reactions with template RNAs containing changes at position 2 of the vRNA (Fig. 2b) . Incubation of the 5' end radiolabelled pGEM mRNA with either of the four variants of vRNA differing only at the penultimate base, resulted in specific cleavage at the same G11 residue (Fig. 2b, lanes 5-7) . This suggests that interactions of the G11 residue with base 2 of the vRNA template does not aid in defining the cleavage site of the mRNA substrate. In a second series of experiments, the pGEM mutants altered at their GI1 residue were incubated with vRNA mutants designed to compensate for the change and restore the possibility of primervRNA base pair interactions. Again, if this interaction is important, specificity of cleavage may be altered and a single cleavage site may be restored. However, in all three cases shown in Fig. 2 (a) (compare lanes 8 and 9, 13 and 14, 18 and 19), no significant difference was observed in the levels and sizes of potential primers produced. Therefore, it can be concluded from these two experiments that cleavage site choice by the polymerase is not influenced by base-pair interactions of the primer and the 3' end of the vRNA template, but may be solely controlled by the mRNA itself. This is in accordance with previous work showing that priming by capped RNA does not require base-pairing with the viral template (Krug et al., 1980) .
Initiation of transcription off mutant vRNAs
Interestingly, the 11 base cleaved pGEM primer will initiate at the penultimate base and incorporate CTP (complementary to the third base of vRNA) as its first residue (Fig. 1 a, Chung et al., 1994) . This is different from most of the previously studied mRNA primers, which will initiate at the last base and incorporate GTP as the first residue (Caton & Robertson, 1980; Dhar et al., 1980; Beaton & Krug, 1981) . Experiments were designed to test whether this continues to occur if the penultimate base of the vRNA is altered. The radiolabelled pGEM substrate was incubated with recombinant polymerase and the C2 mutant vRNAs, along with one of the four nucleotides. As a control, Fig. 3 , lane 3 shows that using wild-type PH-V RNA, CTP can be incorporated into the primer, as shown in earlier studies (Chung et al., 1994) . The efficiency of this reaction is about 50 %. Using the C2-A vRNA template, only the addition of UTP resulted in the presence of a fragment containing an additional base (Fig. 3, lanes  4-8) . Thus, with this template, the GI1 capped oligo fragment must have primed at the first base (U residue) and initiated by adding a UTP residue complimentary to the mutant A at position 2. Use of the C2-G vRNA template (Fig. 3 , lanes 9-12) resulted in specific incorporation of CTP. This could have resulted from priming at the penultimate base of vRNA, as with this mutant RNA, and therefore initiation starting at the second residue would result in CTP addition. A two base addition product is also observed, reminiscent of the stuttering mechanism previously described for the polymerase (Ishihama et al., 1986) . Experiments with the C2-U template are inconclusive, as priming with this template is so inefficient that none of the four nucleotides can efficiently be added (Fig. 3, lanes 13-18) . After longer exposure however (not shown), some CTP addition can be detected. This variation in incorporation using various vRNA base 2 mutants is consistent with earlier studies on the importance of position 2 for transcription by capped mRNA, whereby the C2-G change was the most tolerated, followed by the C2-A, with the C2-U being the least tolerated change (Piccone et al., 1993) . However, it is clear that priming by this G11 cleaved primer can occur either off the first or the second base of vRNA, depending upon the nature of base 2. Similar experiments were carried out with a primer referred to as the A10 substrate. It consists of the first 10 bases of the pGEM capped primer terminated by a 3' end hydroxyl group. In effect, it is identical to the capped primer that would be generated by endonucleolytic cleavage at the A10 position rather than the more usual G11 position. With the wild-type template RNA, this primer could only be extended in the presence of GTP as a sole nucleotide source (Fig. 4, lane 3) . This is consistent with the terminal A residue of the primer interacting with position 1 of the template and incorporating the base complementary to the cytosine at position 2. Interestingly, under these conditions, the primer is extended by at least 3 G residues, also reminiscent of the previously described stuttering mechanism (Ishihama et al., 1986) . Mutation at position 2 of the template changed the base that could subsequently be incorporated by the polymerase. C2-A template directed the incorporation of two U residues (Fig. 4, lane 8) . Again, this is consistent with position 2 specifying the nature of the first base incorporated, C2-U template directed the incorporation of multiple C residues (Fig. 4, lane 16) . In this case, it is position 3 that is specifying the base to be incorporated. This apparent discrepancy is readily explained by the potential base pairing that can occur between the 2 terminal A residues of the primer and the 2 terminal U residues of the template. C2-G template directs the incorporation of 2 C residues as expected, but also incorporated multiple A residues (Fig. 4, lanes 1 l and 10,  respectively) . Although the reason for the multiple A residue incorporation is not known, one possibility is that this could occur if the primer now makes four basepairs with the template and initiates at position 6. The propensity of this polymerase to add multiple nucleotides in a template specific, but non-processive manner may have an important role in the replicative strategy of the virus, for example in polyadenylation. Although the significance of this stuttering at the point of initiation remains to be determined, these experiments do demonstrate that the polymerase can initiate synthesis no matter what base is present at position 2 of the template RNA.
In summary, these studies have shown that cleavage site choice of the influenza virus polymerase is an intrinsic property of the mRNA molecule and the enzyme. The enzyme was previously shown to have certain preferences, such as number of bases downstream of the cap site and preference for cleavage after purines. However, not all purines are necessarily used, as the wild-type pGEM primer contains adenines in positions 9, 10 and 14 which are not chosen. Only after the G residue at position 11 is altered are these other sites used, in addition to cleavage after pyrimidines after positions 12 and 13. It is still unclear why in the wild-type pGEM mRNA there is such a strong preference for cleavage after position 11. Originally thought to be due to interactions with the vRNA template, these studies have shown that base pairing with the vRNA template does not contribute at all to the cleavage site choice of the enzyme. Secondary structure analyses of the mRNA also does not reveal any unusual features which would make this the favoured site. However, these studies do show that base-pairing can effect the position of priming. The original pGEM (G11) primer was able to interact with position 2 of the vRNA and initiate at base 3, but when base 2 was altered so that base-pairing could not occur (C2-A template), initiation occurred at base 2, suggesting that the primer interacted with the terminal base of vRNA. Previously we had shown that the dephosphorylated 12 base RNA of the pGEM transcript begins incorporating at the fourth base by adding either GTP or ATP (this base is variable among the eight gene segments) (Chung et al., 1994) . The terminal three nucleotides, A-G-C of the 12 base primer would presumably interact with the 3' terminal U-C-G of the vRNA template (Fig. 1 a) . It is hoped that an understanding of the determinants of cleavage specificity and initiation by the influenza virus polymerase will aid in the discovery and analysis of novel inhibitors of this enzyme.
